The Mediterranean basin has been identified as one of the world's regions most vulnerable to climatic and anthropogenic changes. A methodology accounting for the basin specific conditions is developed to assess the impacts of these changes on water resources. Based on global climate projections and water-use scenarios inspired by national reports, the current water stress state is addressed first and then it is explored for the mediumterm. Currently, the southern and eastern rims are experiencing high to severe water stress. By the 2050 horizon, this stress could increase over the whole Mediterranean basin, notably because of a 30-50% decline in freshwater resources as a result of climate change. In addition, under a business-as-usual water-use scenario, total water withdrawals are projected to double on the southern and eastern rims. These worrying trends indicate the need to develop mitigation scenarios. In accord with the Mediterranean Strategy for Sustainable Development, an alternative water-use scenario based on improvements in the efficiency of water distribution networks and of irrigated agriculture is investigated. Such progress would stabilize total water withdrawals over the Mediterranean basin and even make them decrease (10-40%) in many northern catchments. Water stress could thus be tempered in some eastern catchments and remain low on the northern rim. This study highlights the importance of developing sustainable development strategies to cope with climatic and anthropogenic changes in order to explore their impacts at regional scales. It supports the need to focus on the most vulnerable areas within the Mediterranean basin. 
INTRODUCTION
For the past 20 years, quantifying water resources has been of particular importance to scientists and water managers worldwide. The hydrological cycle is a component of climate processes and, in recent decades, the intensity and rate of climate change have been unprecedented (Barnett et al. 2001 , Frich et al. 2002 , IPCC 2007 . For its Fourth Assessment Report, the Intergovernmental Panel on Climate Change (IPCC) brought together 20 research groups from around the world to simulate global climate for the 20th and 21st centuries under various greenhouse gas forcing scenarios. This contribution confirmed that the industrial surge of the last century caused a large increase in greenhouse gas emissions, which triggered climate change and significantly impacted on water resources (Levitus et al. 2001 , Vose et al. 2004 . If socio-economic development continues to follow existing trends, global temperature could increase by 3 • C by the 2050s (IPCC 2007) . This global warming would modify precipitation patterns and increase the intensity and frequency of extreme events, thus decreasing the availability and exploitability of water resources, particularly in tropical and Mediterranean areas (Giorgi 2005 , Milly et al. 2005 , IPCC 2007 .
Economic development is highly dependent on water availability. Watercourses have proved to be crucial arteries for enhancing urban expansion, and ensuring water supply for domestic and agricultural water needs (Gallup et al. 1999 , Foster 2001 . Secure access to water with reliable storage and irrigation has boosted the economic growth of many developed countries (Antrop 2004 , Burak et al. 2004 . In arid to semi-arid regions, such as in the Maghreb and the Middle East, societies' water needs often exceed water resources availability, which can slow socioeconomic development (Bloom and Sachs 1998, Bao and Fang 2007 ). Yet demographic processes such as population growth, seasonal tourism and urbanization are projected to increase in developing countries and coastal areas (Burak et al. 2004 , Gober 2010 . Furthermore, an increase in agricultural production will be required to satisfy the needs of a growing population. This will inevitably increase water demand and consumption, as well as induce strong changes in land-use and water-use patterns. In waterscarce regions, such changes, coupled with a decrease in water availability, might result in severe water shortage.
In addition to climate, socio-economic development is thus a major driving force on the state of water resources (Gober 2010) . Global analyses of population exposure to the risk of water shortage have been carried out recently. Arnell (1999a Arnell ( , 2004 analysed the impacts of climate change over hydrological regimes, progressively introducing water-use scenarios generated by the United Nations Comprehensive Assessment of the Freshwater Resources of the World. Other studies (Vörösmarty et al. 2000 , Oki et al. 2001 ) investigated the impacts of both climate change and population growth on global water resources. Alcamo et al. (2003 Alcamo et al. ( , 2007 analysed the impacts of socio-economic variables on water withdrawals, first by considering a "business-as-usual" scenario and then by integrating an alternative scenario based on global improvements of 1% per year in domestic and industrial efficiency and of 0.3% per year for the agricultural sector, as well as a global increase of 1.5% per year in irrigated area. To complement these studies, Shen et al. (2008) and Menzell and Matovelle (2010) evaluated water stress in contrasting areas according to several socio-economic and climate change scenarios based on various global climate models (GCMs). Although different methodologies and scenarios were applied, all of these studies agreed that the Mediterranean area is amongst the regions most vulnerable to climatic and anthropogenic changes and thus one of the world's water crisis hot-spots.
Better knowledge of the impacts of human activities on the water system in such a vulnerable region appears essential. Accurate information on water withdrawals and on local sustainable development strategies is required to provide a clearer picture of freshwater availability and of the possibility to satisfy future water needs. In this paper, a methodology was developed and designed to take into account the Mediterranean context and sustainable development strategies, based on global climate models, Mediterranean action plans, and national reports. The present research has two main objectives. First, it attempts to better quantify the water resources variability that climate change is likely to induce in the future. Second, climate change could undermine the capacity of water-use efficiency gains to significantly reduce pressures on water resources, and we aim to assess whether that will be the case. Reaching these two objectives should contribute to the dialogue between the Mediterranean countries on their strategies for managing water tensions under uncertainty.
THE MEDITERRANEAN BASIN

Definition
The Mediterranean basin has been defined in this study by 73 groups of catchments that have their outlets in the Mediterranean Sea, the Nile catchment being excluded (Fig. 1) . It thus covers an area of approximately 1.5 million km 2 , with only 21 catchments exceeding 10 000 km 2 .
From a geographical point of view, the Nile River basin should also be included as part of the Mediterranean basin. However, the source of this transboundary basin is in the tropics, and its tropical hydrological regime and water management issues go far beyond the Mediterranean context broached in this study; hence, it was not considered herein.
Mediterranean climate and its evolution
The Mediterranean climate is characterized by mild and wet winters (January-February-March; JFM), with, from south to north, mean temperatures ranging from 15 to 3 • C and precipitation varying from 50 to 250 mm, but reaching over 500 mm in mountainous areas. In contrast, the summer season (July-August-September; JAS) is hot and dry with mean temperatures ranging from 40 to 20 • C and precipitation from 10 mm on the southern and eastern rims to 100 mm in the northern catchments (Bolle 2002, Mitchell and Jones 2005) . Since the late 1970s, mean annual temperatures have tended to increase by 0.1 • C/decade and precipitation to decrease by 25 mm/decade (Xoplaki et al. 2004) . The whole Mediterranean basin has experienced warmer conditions during the summer season, particularly on the southern rim (Giorgi 2002 , Knippertz et al. 2003 , Xoplaki et al. 2006 . During winter, no significant trend has been observed on the eastern and southern rims; only the northern Mediterranean seems to be affected by warming (Buffoni et al. 2000 , Folland et al. 2002 , Giorgi 2002 . Concerning precipitation variability, many recent studies have pointed out that, since the 1970s, the Mediterranean basin has been experiencing a pronounced dry period, temporarily balanced by some wet years (e.g. Chbouki et al. 1995 , Türkes 1996 , Buffoni et al. 2000 , Dünkeloh and Jacobiet 2003 , Xoplaki et al. 2004 . According to the analysis of the CRU TS 3.0 World database (Mitchell and Jones 2005) , winter mean precipitation shows a negative trend over the whole area, while no particular trends are identified for summer mean precipitation (see Fig. 2 ).
According to regional climate change simulations for the Mediterranean basin (e.g. Gao et al. 2006 , Giorgi and Lionello 2008 , Somot et al. 2008 , these trends should be maintained in the future. Temperatures are expected to rise by 2-3 • C and annual precipitation to decrease on average by 30% by the 2050 horizon (IPCC 2007) . The combination of increasing temperature and decreasing precipitation should cause more intense and more frequent drought periods and induce a net decrease in freshwater availability.
Water resources
Water resources in the Mediterranean basin, as defined in this study, currently amount for 1.2% of the world's renewable water resources, i.e. approximately 550 km 3 /year. These resources are unevenly distributed over space. Half are located in Italy and Greece and 25% in catchments in France and Turkey. Catchments on the southern and eastern rims provide, respectively, only 4% and 2% of Mediterranean water resources (according to data extracted from the Aquastat database; FAO 2010). Such discrepancy is reflected in the water availability per capita (Falkenmark et al. 1989) . In the northern catchments, people have at their disposal more than 1700 m 3 cap -1 year -1 , which places them in a secure situation. In the Balkans, the situation has even been defined as luxurious, with more than 10 000 m 3 cap -1 year -1 . However, it should be noted that, due to the karst topography, most of this water might not be readily available locally. In southern and eastern catchments, such as those in Algeria, Tunisia, Libya, Malta, Israel and the Palestinian Territories, 108 million inhabitants are considered water-poor (<1000 m 3 cap -1 year -1 ), and 58% of these live with water shortage (<500 m 3 cap -1 year -1 ; Blinda and Thivet 2009). These figures may also hide seasonal water shortages, mostly during summer when water demand is at its highest for crop irrigation and tourism.
Socio-economic development and water demand
Water resources are a significant limiting factor for economic development in the Mediterranean basin. Water is thus a key element for meeting the needs of an increasing population, rising living standards, and the development of irrigated agriculture and tourism (Cudennec et al. 2007 , Garciá-Ruiz et al. 2011 . However, water availability might not necessarily be sufficient to meet all of these competing demands. Recent studies have examined future land management and its influence on water resources, showing that Mediterranean valleys and coastal areas should face strong urban expansion, mainly due to population concentration and to the development of tourism resorts and industrial activity (Abis 2006 , Bellot et al. 2007 ). The irrigated area should also expand. Crops in the new irrigated land (mainly maize and alfalfa) would have high water requirements compared to the traditional Mediterranean crops (cereal crops, olives, grapes) and therefore induce agricultural intensification, construction of reservoirs and canals, and over-exploitation of groundwater resources (Tanrivermis 2003 , Giannakopoulos et al. 2009 , Garciá-Ruiz et al. 2011 . These anthropogenic shifts could lead to substantial soil deterioration as well as to an increase in water demand. The latter has already doubled across the Mediterranean basin since the late 1950s (Blinda and Thivet 2009) and should remain on a constant upward curve. The question then arises whether future water needs can be satisfied in this region, which should be particularly affected by climatic and anthropogenic changes.
METHODOLOGY
3.1 Water stress assessment 3.1.1 Water stress index In 2005, the 21 Mediterranean countries adopted the Mediterranean Strategy for Sustainable Development (MSSD; UNEP-MAP 2006) . This framework aims at supporting a dynamic regional process to include environmental concerns into the economic development of Mediterranean countries. It also aims to define relevant indicators to assess progress being made. To monitor the impacts of climatic and anthropogenic changes on the water resources of the Mediterranean basin, the 21 countries ratified the use of a water stress index (WSI). It is based on the ratio of annual water withdrawals to annual renewable water resources (Shiklomanov 1991 ; equation (1) If WSI > 80%, the area studied faces severe water stress. If 40% < WSI < 80%, the area studied faces high water stress. If 20% < WSI < 40%, the area studied faces moderate water stress. If 10% < WSI < 20%, the area studied faces low water stress. If WSI < 10%, the area studied faces no water stress.
This index expresses the intensity of anthropogenic pressures on available water resources: the higher the index, the stronger the pressure. It indicates the margin between renewable water resources and water demand and, consequently, the scope of action available to water managers. The WSI requires data that are usually easily accessible, and enables evaluation of long-term effects of changing water use on water resources. It has previously been applied to the Mediterranean region (Plan Bleu 2005), but without taking into account the impacts of climate change on water use and availability. For this study, the index was computed over the Mediterranean basin to estimate the current state of water stress and its evolution accounting for climate and anthropogenic changes at the 2050 horizon (Fig. 3) . This provides the opportunity to discuss the vulnerability of Mediterranean water resources to climatic and anthropogenic changes, and to identify potential water crisis hot-spots.
Climatic and water-use scenarios
Two future scenarios that combine climate change and evolution of water withdrawals were considered. As far as climate is concerned, climatic scenarios were generated using a statistical downscaling method that aims at disrupting observed climate series with climate variations estimated by GCMs (see Section 3.2.2). Projections of climatic changes were based on the A2 greenhouse gas emissions scenario, which corresponds to a world with regionally-oriented economic development, high population growth, intensive use of agricultural land and over-exploitation of fossil fuels. This emissions scenario projects one of the largest increases in greenhouse gas emissions, thus triggering very substantial changes in climate (IPCC 2007) . With regard to water-use scenarios, two scenarios that diverge in water-use efficiency were considered. The first is a business-as-usual scenario: current efficiencies of networks and irrigated plots are held at their current levels. The second is an alternative scenario, in which the performance of transport and distribution networks and the water efficiency at the irrigated plot level are improved according to the objectives of the MSSD. In this scenario, it is assumed that the objectives of the MSSD will be reached.
Time periods considered
When working on water withdrawals, it is recommended to work Fig. 3 The methodological approach. Black: core methodology; light grey: additional data for current state assessment; dark grey: additional data for future state assessment (P: precipitation; PE: potential evapotranspiration; ε: efficiency; Irr.: irrigation).
at a seasonal time step in order to reflect the seasonal variability of agricultural water demand, and to highlight the seasonal and local increase in domestic water demand linked to tourism. However, estimates of monthly dynamics of water withdrawals do not exist for all 73 catchments. Hence, the analysis had to be performed at an annual time step. As in the other studies cited herein, it was not possible to investigate seasonal match or mismatch between water demand and water availability, although this has a direct impact on the demanding sectors and on the adoption of restrictions on water use.
Therefore, current and future water availability was estimated as a long-term mean annual value over a reference climate period (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) and over the future climate period 2041-2060 (2050 horizon). The reference period was chosen for its representativeness of the Mediterranean climate variability. As can be seen from the seasonal and decadal precipitation indexes in Fig. 2 , the Mediterranean basin has been affected by dry and wet periods, and the 1971-1990 period is representative of such climatic variability. Water withdrawals were evaluated for irrigated agriculture, currently the most waterdemanding sector, with annual withdrawals reaching 65.9 km 3 , on average, over the Mediterranean basin. Water withdrawals were also evaluated for the domestic sector (19.5 km 3 /year), which is often given priority for water supply. The latter includes urban and rural drinking water supply and tourism activities. Water withdrawals for industries that are not connected to municipal water networks and energy production are less than 2 km 3 /year within each Mediterranean catchment, except in Spain, France and Italy, where they amount to 4.2, 13.2 and 14 km 3 /year, respectively (Margat 2004) . For this reason, the industry and energy sector was not taken into account. Given the available data sets, and in order to consider the same time-period for all catchments, current and future withdrawals were considered, respectively for the recent period 2001-2009 and at the 2050 horizon.
Freshwater availability evaluation
Water balance model
The conceptual rainfall-runoff Water Balance Model (WBM) (Yates 1997 ) was used to evaluate water availability, defined as the annual renewable water resources, or discharge, within a given catchment.
The model relies on a one-dimensional reservoir that represents both the root and upper soil layers. It employs a 0.5 • grid and runs at a monthly time step. For each time step, the model uses continuous functions of relative storage to compute the water balance of each grid cell. Water enters the soil moisture zone and is retrieved according to three parameters representing actual evapotranspiration, surface runoff and delayed runoff (Yates 1997) . The contributions of the grid cells in each catchment are summed to give estimates of total discharge.
Theoretically, no calibration is required to define the parameter values. Yates (1997) found default values through an empirical analysis of monthly and annual runoff over Europe and Africa and by using the Holdridge life zone classification (Holdridge 1947) as a basic criterion. The values are summarized in a worldwide-aggregated 13-class diagram that links vegetation to three climate variables (biotemperature, precipitation and evapotranspiration), thus assuming that vegetation and soil are in equilibrium with climate. However, to make sure Mediterranean water resources were correctly reproduced by the model, an empirical analysis of the model performance over 10 large Mediterranean catchments was performed (see Table 1 ). On the basis of available runoff data covering as many consecutive years as possible over the reference period at a monthly time step (GRDC [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] 2008), the model was run using the default parameters, and a procedure was developed to test several values of the three parameters within a given range. The objective was to obtain volumes of simulated runoff as close as possible to observed ones. Systematic runs were performed, aimed at minimizing the sum of the absolute volume error from each catchment (equation (2)). Modifying the parameter values provided a better agreement between the simulated and observed runoff volumes for all catchments.
The new set of parameters was then retained. The hydrological model, thus adjusted against historical data, was run over the future period using these optimized parameter values.
with
where w is the catchment considered; n the number of catchments calibrated; p the number of years in the period considered over each catchment; VE is the volume error, and V SIM and V OBS are the volumes of the simulated and observed hydrographs over year y.
Data sets
The model was run on the basis of monthly precipitation (P) and potential evapo-transpiration (PE) input data on a 0.5 • grid. Over the reference period, P and temperature data were obtained from the CRU TS 3.0 World database (Mitchell and Jones 2005) . This database is based on carefully filtered temperature and precipitation stations and is recognized as one of the most reliable for large-scale investigations (Chen et al. 2002 , Tapiador 2010 . Although it relies on spatial interpolation of observed data in areas where data are scarce, it has been shown that there are a large number of stations around the Mediterranean area and in particular in the mountains of Europe, which allowed the generation of realistic fields (Tapiador et al. 2012) . For future climate conditions, outputs from four GCMs (Table 2) were extracted from the IPCC Data Distribution Centre. The models were selected according to the data availability for the 20C3M scenario (20th century climate) and A2 scenario (2050 horizon), their resolution, their time coverage and their exploitability in the upcoming Fifth Assessment Report of the IPCC.
From the GCMs' data sets, climate scenarios were generated under changing levels of greenhouse gas emissions, as specified by the 20C3M (350 ppm CO 2 ) and A2 (CO 2 stabilization at 850 ppm) climate scenarios. The projected climate scenarios were developed on the basis of the perturbation method. This method consists in extracting future climatic trends as simulated by GCMs and applying them to observed series of temperature and precipitation (see e.g. Déqué 2007 , Lendenrink et al. 2007 , Ruelland et al. 2012 . A grid of variation rates between current (20C3M) and future (A2) climate conditions was then produced for both temperature and precipitation, at the GCMs' spatial resolution. These variations were reported to each 0.5 • cell whose centre was included within the GCMs' cells, and then applied to CRU TS 3.0 monthly temperature and precipitation series over the reference period 1971-1990. In applying this method, GCMs are exempted from correctly reproducing observations, but it is assumed that: (a) climate variability is inherited from observed climate, and (b) the inter-annual rainfall-runoff relationship of the reference period is maintained in the future (Ruelland et al. 2012) . The PE was then computed over the reference and future periods using 
a formula based on extra-terrestrial radiation and mean temperature (equation (3)). This formula was obtained following an evaluation of the performance of 25 existing PE formulae used as input to four different hydrological models (Oudin et al. 2005) . It has proved to be as efficient as complex systems, such as the Penman formula, over 300 catchments (Oudin et al. 2005, Kay and Davies 2008) :
where PE is the rate of potential evapotranspiration (mm/d); R e is the extra-terrestrial radiation depending on latitude (MJ m -2 d -1 ); λ is the latent heat flux (MJ/kg); ρ is the density of water (kg/m 3 ); and T a is the mean daily temperature ( • C).
As the four selected GCMs simulate similar climate trends (see Section 4.1.2), the average trends in climate change and water stress have been computed in order to present synthetic results for the analysis of the water stress shift.
Freshwater withdrawals evaluation
3.3.1 Definitions This paper focuses on assessing the extent to which water availability can satisfy irrigation water requirements and domestic water needs under climatic and anthropogenic changes. Water withdrawals were defined as the annual volume of water withdrawn from rivers and groundwater reservoirs that is directly available for irrigated agriculture or domestic purposes.
Due to the limited availability of data on water withdrawals at the catchment scale, two intermediate key variables were used in order to approach them: per unit water demand (UWD) per sector at the country level and total water demand (TWD) per sector at the catchment level. In this study, water demand was considered as the sum of the water withdrawn from the environment and the unconventional water resources used.
Current and future UWD were calculated at the country scale and applied accordingly to each catchment flowing to the Mediterranean Sea from the country considered. Current and future UWD were computed with equations (4) and (5) (5) with UWN being the variation in per unit water need (i.e. the agricultural water required for agronomic optimal crop growth per irrigated hectare or domestic water use per inhabitant at household level); and ε the variation in efficiency.
The irrigation management tool CROPWAT (Allen et al. 1998 ) was used to evaluate the impacts of climate change on agricultural UWN (see Fig. 3 ). CROPWAT calculates water requirements of irrigated crops based on monthly values of P, PE and cropping patterns. It was applied over the current and future periods in order to compute the evolution rate of irrigation water requirements between the reference period and the 2050 horizon. For domestic UWN, variations were provided by national reports. These reports on "Monitoring progress and promotion of water demand management policies" aimed to inform on the water situation of the Mediterranean countries and to contribute to the Mediterranean reflection on water demand management. They were produced between 2005 and 2009, by scientists and policy makers from the 21 Mediterranean countries, for the regional activity centre Plan Bleu, in charge of reporting the implementation of the MSSD. These trends in domestic UWN were defined as independent from climate change. Agricultural and domestic UWN were corrected by an efficiency variation rate to obtain the future UWD. Under the business-asusual scenario, efficiency was assumed to remain at its current level (Table 3 ). In the alternative scenario, efficiency improvements were introduced. By adopting the MSSD in 2005, the Mediterranean countries committed themselves to: reduce losses from agricultural networks to 10%; increase irrigation efficiency at the plot level to 80%, or maintain it at that level; and reduce losses from domestic networks to 15% (UNEP-MAP 2006). These objectives have been modified in some countries in accordance with the national reports' assessment of their feasibility. Trends in efficiency for both scenarios are reported for each country in Table 3 . Once the UWDs were computed, the TWD of each catchment could be estimated:
where TWD Catchment is the water demand for total irrigated land or population within a given catchment.
Finally, unconventional water resources were subtracted from TWD in order to obtain water withdrawals for each sector at the catchment scale:
Water withdrawals Catchment = TWD Catchment − UWR Catchment (Portmann et al. 2010) databases. Population data at the national and catchment district levels were drawn from the most recent census. Over the 2050 horizon, trends in irrigated area, domestic UWN and efficiency were taken from the national reports. Cropping patterns were assumed to remain unchanged. The climatic data (P and PE) used as inputs to CROPWAT were the same as for the hydrological model. Finally, the A2 demographic scenario published by the United Nations (UNPD 2001) was used for future population estimates.
TRENDS IN MEDITERRANEAN WATER RESOURCES UNDER CLIMATIC AND ANTHROPOGENIC CHANGES
Freshwater assessment
4.1.1 Hydrological model reliability Theoretically, the hydrological model requires no calibration, since a bioclimatic diagram predetermines its parameters. Using the latter, Yates (1997) Table 4 . Mean annual runoff volumes over the whole Mediterranean basin tend to be underestimated by 12%, on average, when using the model's default parameters. For most catchments, inter-annual runoff volumes are mis-evaluated by over 50%. For example, runoff volumes of the Jucar catchment are overestimated by 54.2%, while the volumes of the Tiber, Buyuk Menderes, Ceyhan and Moulouya catchments are underestimated by between 52.2 and 66.2%. Only the Rhone catchment has an acceptable error of 5.2%.
Changing the parameter set improves freshwater simulations. Inter-annual runoff volumes are still underestimated over the whole basin, but this time by only 6.8%. For catchments with initially misevaluated resources, freshwater simulation improved by 20 to 60 percentage points. Volume errors are reduced by between -43.4 and -0.1%. The number of catchments with acceptable volume errors (-0.1 to 10.9%) rises to four: the Rhone, Po, Gediz and Moulouya. Only the Ceyhan in Turkey remains with a mis-evaluated freshwater volume of -63.7%, though with a slight improvement of 2.5 percentage points.
While modifying the parameter values did not allow us to greatly improve the seasonal shape of the hydrographs, it provided a better agreement between simulated and observed runoff volume for all catchments. Defining new bioclimatic zones over the study area and including more catchments within each sub-region could be helpful in configuring sets of parameters adapted to the different climatic areas found in the Mediterranean basin (e.g. temperate, semi-arid, arid). Although this method would probably improve water resources modelling, it would require a great deal of high-quality data and would be a study in its own right. Therefore, the new set of parameters found over the 10 Mediterranean catchments was kept. Moreover, it should be noted that in this study, the assessment of future water vulnerability relies on the relative evolution of water resources over each catchment. It was thus assumed that the bias in the freshwater simulations over the reference period was reproduced in the simulations of the future conditions.
Future climatic trends according to the selected GCMs
The variation rates in annual precipitation by the 2050 horizon for each selected GCM are presented in Fig. 4 . All the GCMs considered agree that annual precipitation shall decrease over the Mediterranean basin by 5-20% over the 2041-2060 period (Fig. 4) . The CSIRO-Mk3.0 model is the most optimistic. It projects precipitation to be maintained at its current level in Spain, Italy and the Balkans (Fig. 4(a) ). For all models, the largest decreases are projected in southern Spain, Morocco, Algeria and the Middle East (20-40%). An increase in precipitation is projected only over Libya (40-60%), except by the HadCM3 model, which projects a decrease by 5-20% there (Fig. 4(b) ). In each case, the changes represent low absolute values over these catchments. Contrasting values among models are only found for western Turkey. The CSIRO-Mk3.0 and CNRM-CM3 models project a slight increase in precipitation (5-20%; Fig. 4(a) and (c)), whereas the HadCM3 and ECHAM5 models project a slight decrease (5-20%; Fig. 4(c) and (d) ). This results in maintaining precipitation at its current level for this particular region.
The variability of the GCM projections demonstrates the possible range of future climate evolution. Nevertheless, the four selected GCMs simulate similar climate trends and variation range over the Mediterranean basin. It is thus consistent to present an average trend (Fig. 4(e) ) in climate change and water stress over the study area by the 2050 horizon. This is what has been done, for brevity, when analysing the future trends in water stress in the following sections.
Water stress: current and future states
Analysis of Fig. 5(a) shows that the Mediterranean basin is currently under high water stress. Hot-spots include catchments where water demand is high and renewable water resources are scarce, i.e. in southern Spain, Tunisia, Libya and the southeastern Mediterranean (Syria, Lebanon, Israel and the Palestinian Territories). In these areas, UWR and non-renewable groundwater resources are often used to supplement surface water resources. Catchments in northern Italy, western Greece and the Ebro in Spain are shown to experience moderate water stress, whereas catchments in France and the Balkans do not seem to suffer from any stress. However, as already stated, water withdrawals for industrial use were not taken into account. In Spain, France and Italy these withdrawals represent 4-14 km 3 /year. Human pressure on water resources in these countries might thus be higher than illustrated. If future driving forces of water availability and water use follow a businessas-usual scenario, the water stress situation in the Mediterranean basin could extensively deteriorate (Fig. 5(b) ).
As can be seen in Fig. 5(b) , the Mediterranean water stress situation should worsen by the 2050 horizon under a business-as-usual scenario. The whole Mediterranean basin should be under high to severe water stress, except for certain catchments on the northern rim, notably in France and the Balkans. Catchments currently under severe water stress should remain so. Catchments in Morocco, Algeria and Turkey should also experience severe water stress conditions. Catchments currently under moderate water stress (e.g. in Italy, Greece and the Ebro in Spain) should experience high water stress. However, if the efficiency objectives set by the MSSD are met, the occurrence of severe water stress situations as described under the business-as-usual scenario could be partly moderated (Fig. 5(c) ).
As shown in Fig. 5(c) , in Albania, western Greece and western Turkey, currently low to moderately water-stressed catchments should rise to moderate to high water stress, respectively, rather than high to severe water stress under a business-as-usual scenario. Improvement in water-use efficiency should also help maintain the current state in catchments in Italy up to the 2050 horizon. Catchments in France and the Balkans should be the only ones remaining under no stress conditions. Indeed, even though water withdrawals would not be as large as under a businessas-usual scenario, catchments currently under severe water stress should remain so and catchments in Morocco and Algeria should still experience severe water stress. Water resources scarcity would still be an issue in these areas.
Currently, 44 out of 73 Mediterranean catchments are under high to severe water stress. In other words, 65 million people are currently experiencing high water stress (60% < WSI < 80%) and 47 million are afflicted with severe water stress (WSI > 80%). By 2050, 32 catchments would increase their exposure to water stress, under the A2 climate scenario and business-as-usual water management practices. This would lead to 34 million people living under high water stress and 202 million living under severe water stress. If improvement in water management is addressed in such a way that the efficiency objectives of the MSSD are met, the number of catchments with increased exposure to water stress could be lowered to 18. However, 34 million people would still experience high water stress; and the number of inhabitants under severe water stress would be reduced to 194 million.
These results highlight the role that efficiency improvements play in water stress mitigation. It could trim down the number of catchments with increasing exposure to water stress and the current water stress state could be stabilized for most northern catchments up to the 2050 horizon. It also underlines that on the southern and eastern rims, where the highest demographic growth rates are projected (1.8% and 1.6%, respectively), efficiency improvements alone would not be able to reduce water tensions.
Climate change impacts on freshwater availability
Analysis of Fig. 6(a) shows that the water resources of the Mediterranean basin are unequally distributed and particularly limited on the southern rim. The expected increase in air temperature is likely to intensify evapotranspiration. Combined with an expected decrease in precipitation, this should induce a net decrease in freshwater availability and exacerbate disparities. Regional evolution rates of freshwater availability and details for specific catchments are given in Fig. 6 . By the 2050 horizon, a significant decrease (25-50%) in freshwater resources is projected over the whole Mediterranean basin according to the A2 greenhouse gas emissions scenario (Fig. 6(b) ). Water resources should decrease on average by 35% on the northern rim, as indicated by the Ebro and Tiber catchments in Fig. 6(c) . Yet, the decrease in freshwater should be approx. 15% in catchments in France, northern Italy and the Balkans, owing to upheld climatic conditions in the northern part of the catchments (see Rhone and Po in Fig. 6(c) ). Over Turkey, freshwater availability should decrease on average by 40%, as illustrated by the BuyukMenderes, Gediz and Ceyhan catchments (Fig. 6(c) ). However, this decrease may be exaggerated due to the underestimation of water resources by the hydrological model in this area (see Section 4.1.1). The catchments in southern Spain, Morocco, Algeria and southeastern Mediterranean should be the most affected by the changing patterns in P and PE. Decreasing P and increasing PE should induce a reduction of the current freshwater resources by more than half, as shown in Fig. 6(c) over the Jucar, Moulouya and Tafna catchments. Only Libya and southern Tunisia should experience an increase (10%), maintaining their current level of renewable freshwater resources of between 0 and 15 mm/year (Fig. 6(a) and (c)) .
Therefore, climate change should have a significant impact on freshwater availability by the 2050 horizon, with the already arid to semi-arid catchments being the most affected. Moreover, the latter should be the most prone to population growth and expansion of irrigated areas in the Mediterranean basin. This calls for study of the trends in water withdrawals and their compatibility with future available resources and for exploration of alternatives to cope with water stress.
Freshwater withdrawal trends and alternatives
Freshwater withdrawals depend on social and economic factors. In this section, the effects of climate change, irrigated area evolution and growing population on water withdrawals are first investigated under a business-as-usual scenario. The influence of efficiency improvements is then explored in order to propose an alternative scenario. Figure 7 presents the regional picture of changes in annual water withdrawals accounting for the irrigated agriculture and domestic sectors under the two scenarios. According to the national reports, irrigated area is projected to stay at its current level in Spain and Slovenia; decrease in France (4%), Italy (18%) and Malta (27%); and increase over the rest of the Mediterranean basin. The largest increases should be observed in catchments in the Balkans, Algeria, Libya, Israel and Lebanon, where irrigated area is expected to double. With regard to population growth, it should stabilize or be on the decline in northern catchments, while on the southern and eastern rims the mean annual population growth rate should be close to 1.8% and 1.6%, respectively. These trends will inevitably lead to changes in water withdrawals.
Under a business-as-usual scenario, total water withdrawals are expected to increase over the whole Mediterranean basin, except in the southern catchments of Italy where they should remain close to their current level ( Fig. 7(a) ). On the northern rim, this rise should mostly be related to an increase in agricultural water withdrawals (Fig. 7(b) ), in line with warmer and drier conditions, as well as a strong expansion of the irrigated area in Greece (42%) and the Balkans (100%). On the southern and eastern rims, total water withdrawals are expected to double (Fig. 7(a) ). Trends in irrigated land expansion, should lead to a 150% increase in agricultural withdrawals in Algeria, Libya, Israel and Lebanon; an 80% increase on average in other catchments in the Maghreb and Turkey; and a 20-25% increase in other southeastern catchments (Fig. 7(b) ). Moreover, domestic water withdrawals should grow by a factor of 2.5 in eastern catchments, and by a factor of 3 on average on the southern rim (Fig. 7(c) ). The highest augmentation is identified in the Palestinian Territories owing to high population growth (3.2%) and in Tunisia, while the lowest evolution in domestic water withdrawals should be observed in Algeria (Fig. 7(c) ). Such differences can be explained by the use of unconventional water resources. Algeria plans on producing 0.915 km 3 /year of desalinated water (Messaoud 2006) , whereas only 0.051 km 3 /year should be supplied so in southern Tunisia, mainly for tourist resorts (Boyé 2008) .
Efficiency improvements should hold down freshwater withdrawals over the whole Mediterranean basin (Fig. 7(d) ). On the northern rim, total water withdrawals should remain above the current level only in Greece and the Ebro catchment in Spain owing to a 25% increase in agricultural water withdrawals (Fig. 7(e) ). Otherwise, total water withdrawals on the northern rim should fall between 10 and 40% below the current level by the 2050 horizon, i.e. 10-30 percentage points less than under a businessas-usual scenario (Fig. 7(d) ). This would mainly be explained by domestic water withdrawals that should fall 20-40% below the current level (Fig. 7(f) ). This can be attributed to the already adequate access to water supply, lower domestic water withdrawals per capita and the projected stabilization of population in these areas. Nevertheless, agricultural water withdrawals should still increase by 20-40% and even double in the Balkans. Yet, they should be reduced by 10-20 percentage points as compared to a businessas-usual scenario, especially in southern Spain, Italy, Albania and Greece (Fig. 7(b) and (e)). In catchments of the Maghreb and the Middle East, total water withdrawals should drop by 20-30 percentage points compared to a business-as-usual scenario by the 2050 horizon (Fig. 7(a) and (d) ). Nevertheless, total water withdrawals should still double due to both expanding irrigated land and high population growth. Total water withdrawals should only remain close to their current levels in Turkey, Syria and the Moulouya catchment in Morocco owing to high improvements in agricultural and domestic efficiency (Table 3) .
FUTURE CHALLENGES FOR MEDITERRANEAN WATER RESOURCES AND METHODOLOGICAL APPROACHES
Summary
This study investigates the vulnerability of water resources of the Mediterranean basin. To assess the impacts of climatic and anthropogenic changes on the vulnerability of the water resources of the Mediterranean basin, a methodology accounting for both climate change and Mediterranean development strategies has been developed. The results show that the southern and eastern rims are currently under high water stress. Discrepancies between the northern and southern rims are likely to increase. If no sustainable development measures are taken, the water stress situation would quickly rise to severe water stress. At the 2050 horizon, climate change will most likely contribute to the depletion of freshwater resources in the Mediterranean region, especially in the already arid to semi-arid catchments. Disparities between the northern and southern rims might increase and the water shortage crisis may get worse. Furthermore, if domestic and agricultural water withdrawals follow past trends, 80% of the Mediterranean basin would have to deal with high to severe water stress. In contrast, the remaining 20%, located on the northern rim, would experience low to moderate water stress. The main driver of pressure on freshwater withdrawals on the southern and eastern rims should be the high population growth, which will unquestionably increase domestic water demand, whereas in the northern rim catchments, agricultural withdrawals should mainly increase due to drier and warmer conditions. Improving the efficiency of water transport and distribution networks and irrigated plots would significantly limit total water withdrawals. The latter should fall below the current level or remain close to it in many northern and eastern catchments. On the southern rim, total water withdrawals should be moderated, particularly in the catchments of Morocco and Algeria. However, due to the strong demographic growth and expansion of irrigated lands on the southern and eastern rims, the tested efficiency improvements would reduce water stress for only 8 million people over the Mediterranean basin when compared to a business-as-usual scenario.
Both scenarios used in this study follow future trends defined by the Mediterranean countries. The business-as-usual scenario allows water managers to have a general view on water resources and water withdrawals if no adaptation measures were taken, while the alternative scenario presents another possible trend if the sustainable development strategies adopted by the Mediterranean rim countries were met. The results presented thus provide water managers with ranges in total water withdrawals evolution adapted to the conceived water-use trends. Indeed, in their global study, Shen et al. (2008) assumed that the extent of irrigated areas is proportional to population growth, thus leading to a 1-10 km 3 /year increase in total water withdrawals in all Mediterranean catchments. If projections of irrigated surface areas intended by national policies are introduced, total water withdrawals should in fact increase on average by 0.4, 0.6 and 1.0 km 3 /year on the northern, eastern and southern rims, respectively. Moreover, policies over the Mediterranean basin also favour improvements in efficiency. Alcamo et al. (2007) used efficiency improvements suggested by the World Water Commission and assumed a constant decline in irrigated areas. This led to a 5-25% decrease of total water withdrawals in southern Spain, Italy and Greece and an increase of more than 25% in Turkey. If efficiency objectives suggested by the MSSD are considered, as well as national plans' prospects (i.e. decrease of irrigated land only in France, Italy and Malta), total water withdrawals are projected to maintain their current level in southern Spain, decrease by 30% in Italy and increase by 10-20% and 20-40% in Greece and Turkey, respectively. Therefore, although global-scale studies are helpful to identify the areas more-or-less vulnerable to climatic and anthropogenic changes, the global water-use scenarios considered tend to overestimate trends in total water withdrawals and therefore their impacts on water resources. Under a businessas-usual scenario at the 2050 horizon, most studies converge on the main drivers of pressure on Mediterranean water stress owing to similar climatic and demographic growth projections. However, under alternative scenarios, results diverge because of the different assumptions made. This highlights the importance of studying alternative scenarios based on planned progress at the local level in order to define sustainable development pathways for the future.
Limits and recommendations
However, these results must be qualified. Given the highly non-stationary climatic and anthropogenic conditions over the Mediterranean basin, the current and future assessment proposed in this study is subject to many limitations and uncertainties. The latter are related to each step of the method. They involve climate scenarios, hydrological modelling and evaluation of water withdrawals. Each of them has an impact on water stress estimation and projections. It would require a quite complex sensitivity analysis with highquality data to manage and weigh the influence of uncertainties on the evaluation of the water stress. It is all the more difficult that the significance level of the uncertainties may vary locally. Such analysis goes beyond the aim of this study. Nonetheless, these limitations and uncertainties need to be addressed.
Regarding climatic changes, three main sources of uncertainty can be discussed. The first one is related to climate modelling: GCMs produce different responses to the same greenhouse-gas forcing, due to the way processes are represented within each model (Rummukainen 2010) . It is thus recommended to use several GCMs to present a wide range of modelling hypothesis. This procedure was followed and it was demonstrated that the four selected GCMs simulated similar climate trends and variation range over the Mediterranean basin. Uncertainties in water stress evolution, according to the choice of one of the four GCMs, are not significant in this case. Another uncertainty is associated with the choice of the emissions scenario, because several families of anthropogenic emissions scenarios have been proposed by the IPCC (2007) . This should influence the evolution trends of water stress. One way to deal with this uncertainty would be to perform simulation with different emissions scenarios. However, this study is a vulnerability assessment that aims to provide useful information regarding the benefits of efficiency improvements. It was thus chosen to first explore a worst-case scenario under the A2 greenhouse gas emissions scenario to support other contrasting scenarios. The third source of uncertainty relates to the downscaling method. For the analysis of regional climate change, GCMs can be downscaled statistically or dynamically (Déqué 2007 , Schmidli et al. 2007 ). For instance, several European projects have developed regional climate models (RCMs) over the Mediterranean and European regions (e.g. PRUDENCE, Christensen and Christensen 2007; ENSEMBLE, Goodess et al. 2009 ). It could be interesting to exploit these models to analyse the sensitivity of climate change projections to the downscaling method. However, it should be noted that RCMs operate under boundary conditions set by GCMs. The GCM inaccuracies and biases are then propagated at the regional scale (see e.g. Kundzewicz and Stakhiv 2010, Rummukainen 2010) . Moreover, several studies have demonstrated that the spatial pattern and seasonal changes of climate variables (wind, temperature and precipitation) are in agreement between GCMs and RCMs over the Mediterranean basin (Giorgi and Lionello 2008 , Elguindi et al. 2010 , Planton et al. 2012 . As a result, RCMs have not yet clearly shown their superiority to statistical downscaling methods. In contrast, the perturbation method used in this study aims to relieve the poor reproduction of inter-annual and spatial variability from GCMs. Although realistic future scenarios for the chosen GCMs can be generated using this method, its performance remains limited because the temporal pattern of the perturbed series (i.e. occurrence, persistence and internal structure of the various meteorological events) remains the same as that of the observed series (Ruelland et al. 2012) . It can thus be considered as acceptable for estimating the changes in water resources, for example in terms of volumes and seasonal variation, but its use remains debatable when estimating change in extreme hydrological events.
As demonstrated by the regional sensitivity analysis of the hydrological model, runoff volume estimation can be improved by changing the parameter values. Despite these improvements, water resources were still mis-evaluated. It was assumed that the bias in freshwater simulations over the reference period was reproduced in the medium term, and thus that the error related to freshwater resources modelling on water stress was the same over the reference and future periods. It is then the relative evolution of the water stress index that is most relevant. One of the main reasons for water resources mis-evaluation might be the hydrological model conceptualization. The water balance model used does not integrate a separate groundwater reservoir. Like the regional-scale models used to assess the impacts of climatic and anthropogenic changes on water resources-e.g. WaterGap (Döll et al. 2003) , MacPDM (Arnell 1999b) , WASMOD-M (WidenNilsson et al. 2007 )-the dynamics of groundwater resources are considered in terms of drainage from soil moisture. Consequently, water stress may have been mis-evaluated in some catchments that are very dependent on groundwater resources, notably in Libya and Malta. In Libya, for example, 80% of water supply comes from non-renewable groundwater resources (Margat 2008) , and water resources there are thus undeniably more vulnerable than indicated in this study. Moreover, the WBM does not include a dam module. Global-scale studies have attempted to develop algorithms to include the impact of dams and reservoirs on water resources (e.g. Meigh et al. 1999 , Döll et al. 2003 . Coe (2000) and Hanasaki et al. (2006) showed that the most reliable approach is to set individual operation rules. They were able to validate their modules either on single case studies with long time series of operating records, or on a global scale, but only over two-year periods. However, access to dam operating records for long time periods and exhaustive information on dam management for the 556 dams of the Mediterranean basin seem difficult to achieve at present (Margat and Treyer 2004) .
Finally, the water-use scenarios also influence the evaluation of water stress. Some further limitations are added to the freshwater withdrawals assessment by the fact that irrigated land expansion, as projected by national reports, was taken into account without considering the possible changes in the types of irrigated crops. However, agricultural water demand depends heavily on factors lying outside the water sector, such as agricultural policies and international trade characteristics, which already proved their nonlinearity in the past (see e.g. Treyer 2006 , Fernandez 2009 ). Finally, the efficiency objectives of the MSSD considered in this study might be judged ambitious. The beneficial effects of such improvements in water withdrawals draw attention to the importance of water-saving policies. Progress in efficiency could help to improve management of the pressures due to climate change and even reduce water restrictions. If the Mediterranean Strategy for Sustainable Development objectives were reached, at least 30 billion m 3 per year could be saved by the 2050 horizon, as compared to an objective of unchanged efficiency.
Prospects
Although a number of limitations and uncertainties have been pointed out, this study suggests a methodological approach taking into account the local specificities of the Mediterranean region and its drivers of pressures on water resources, as well as a sustainable development strategy considered by Mediterranean countries. It gives a synoptic view of water resources vulnerability in the Mediterranean basin at the 2050 horizon. These analyses are a first step towards broader-perspective studies involving contrasting scenarios. The current study is useful for identifying the catchments that are most likely to be under pressure, and it can help the setting-up of regional sustainable development strategies to cope with water stress, as in the efficiency objectives advocated by the Mediterranean Strategy for Sustainable Development.
To support water management plans and meet users' needs, studies at a sub-regional scale undertaken in collaboration with local stakeholders need to be carried out. Such studies should integrate more detailed information on catchment characteristics (e.g. dams, water transfers) and be applied at a smaller time step. A monthly time step is highly recommended in order to take into account dam operations within the hydrological regime, as well as increasing seasonal pressures of tourism and crop water demand. This issue is the subject of on-going research.
